Mutations of genes involved in the innate immune system have been reported to be associated with an increased sepsis rate in adults. We determined the Ϫ159T mutation of the CD14 gene, the 896G mutation of the toll-like receptor 4 gene, the 3020insC mutation of the NOD2 gene (NOD2-3020insC), the IL-6 174G/C promoter polymorphism (IL6-174G/C), and the mannosebinding lectin genotype and their association to the subsequent development of neonatal sepsis in a large cohort of very low birth weight (VLBW) infants. Fifty (14%) of 356 VLBW infants developed blood culture-proven sepsis during their stay in the hospital. VLBW infants carrying the NOD2-3020insC allele (n ϭ15) and the IL6-174G allele (n ϭ121) had a significantly higher rate of blood culture-proven sepsis (33% and 19.8%, respectively) than VLBW infants without these genotypes (p ϭ 0.046 and 0.035, respectively). In a multivariate logistic regression analysis, gestational age less than 28 wk (odds ratio, 3.2; 95% confidence interval, 1.7-6.0; p Ͻ 0.001) and the homozygous IL6-174G allele (odds ratio, 1.9; 95% confidence interval, 1.0 -3.9; p ϭ 0.039) were predictive for the development of sepsis, whereas the NOD2-3020insC allele was only of borderline significance (odds ratio, 3.2; 95% confidence interval, 1.0 -10.4; p ϭ 0.052). VLBW infants with repeated episodes of sepsis had higher frequencies of the NOD2-3020insC and IL6-174G allele. The increased sepsis rate of homozygous IL6-174G carriers was especially related to an increase in Gram-positive infections, and was not observed in VLBW infants who received prophylaxis with teicoplanin (frequency of Gram-positive sepsis in homozygous IL6-174G carriers without prophylaxis 16.5% versus 2.4% in homozygous IL6-174G carriers with prophylaxis; p ϭ 0.033). Although advances in neonatal intensive care have led to improved survival, sepsis continues to be an important cause of death among VLBW infants (1, 2). Recent advances in our understanding of the innate immune system triggered the identification of specific point mutations that are associated with an altered response of the innate immune system. CD14 is the main receptor for bacterial LPS and is expressed on the surface of phagocytes. In adults, the homozygotic Ϫ159T mutation of the CD14 gene (CD14-159T) is associated with a high mortality rate in sepsis (3). The TLR4 is a coreceptor for LPS, harboring a transmembrane domain, which is important for intracellular signaling. The 896G mutation of the TLR4 (TLR4-896G) leads in vitro to a reduced NF-B activation after LPS stimulation, and in vivo to a reduced systemic inflammatory response after LPS inhalation (4). This mutation was found frequently in adults who developed septic shock (5), suggesting an association of this mutation with sepsis. NOD2 is a gene that also confers responsiveness to bacterial LPS. The NOD2-3020insC mutation is associated in vitro with reduced NF-B response after stimulation with several Gram-negative bacteria (6) and is associated with Crohns' disease (6 -8). IL-6 is an important proinflammatory cytokine. The homozygous Ϫ174G allele of the IL6-174G/C promoter polymorphism is associated with reduced IL-6 levels Received February 4, 2003; accepted September 26, 2003 
Mutations of genes involved in the innate immune system have been reported to be associated with an increased sepsis rate in adults. We determined the Ϫ159T mutation of the CD14 gene, the 896G mutation of the toll-like receptor 4 gene, the 3020insC mutation of the NOD2 gene (NOD2-3020insC), the IL-6 174G/C promoter polymorphism (IL6-174G/C), and the mannosebinding lectin genotype and their association to the subsequent development of neonatal sepsis in a large cohort of very low birth weight (VLBW) infants. Fifty (14%) of 356 VLBW infants developed blood culture-proven sepsis during their stay in the hospital. VLBW infants carrying the NOD2-3020insC allele (n ϭ15) and the IL6-174G allele (n ϭ121) had a significantly higher rate of blood culture-proven sepsis (33% and 19.8%, respectively) than VLBW infants without these genotypes (p ϭ 0.046 and 0.035, respectively). In a multivariate logistic regression analysis, gestational age less than 28 wk (odds ratio, 3.2; 95% confidence interval, 1.7-6.0; p Ͻ 0.001) and the homozygous IL6-174G allele (odds ratio, 1.9; 95% confidence interval, 1.0 -3.9; p ϭ 0.039) were predictive for the development of sepsis, whereas the NOD2-3020insC allele was only of borderline significance (odds ratio, 3.2; 95% confidence interval, 1.0 -10.4; p ϭ 0.052). VLBW infants with repeated episodes of sepsis had higher frequencies of the NOD2-3020insC and IL6-174G allele. The increased sepsis rate of homozygous IL6-174G carriers was especially related to an increase in Gram-positive infections, and was not observed in VLBW infants who received prophylaxis with teicoplanin (frequency of Gram-positive sepsis in homozygous IL6-174G carriers without prophylaxis 16 Although advances in neonatal intensive care have led to improved survival, sepsis continues to be an important cause of death among VLBW infants (1, 2) . Recent advances in our understanding of the innate immune system triggered the identification of specific point mutations that are associated with an altered response of the innate immune system. CD14 is the main receptor for bacterial LPS and is expressed on the surface of phagocytes. In adults, the homozygotic Ϫ159T mutation of the CD14 gene (CD14-159T) is associated with a high mortality rate in sepsis (3) . The TLR4 is a coreceptor for LPS, harboring a transmembrane domain, which is important for intracellular signaling. The 896G mutation of the TLR4 (TLR4-896G) leads in vitro to a reduced NF-B activation after LPS stimulation, and in vivo to a reduced systemic inflammatory response after LPS inhalation (4). This mutation was found frequently in adults who developed septic shock (5), suggesting an association of this mutation with sepsis. NOD2 is a gene that also confers responsiveness to bacterial LPS. The NOD2-3020insC mutation is associated in vitro with reduced NF-B response after stimulation with several Gram-negative bacteria (6) and is associated with Crohns' disease (6 -8) . IL-6 is an important proinflammatory cytokine. The homozygous Ϫ174G allele of the IL6-174G/C promoter polymorphism is associated with reduced IL-6 levels in healthy newborns (9) . MBL is participating in the innate immune defense by opsonizing various microorganisms for phagocytosis. Heterozygous mutations of the MBL gene (MBL B/C/D) are associated with reduced MBL serum levels and an increased sepsis rate in immunosuppressed patients (10) .
Because a reduced response of the innate immune system in carriers of these mutations might be associated with a higher rate of bacterial infections in VLBW infants, the purpose of our study was to evaluate the usefulness of these genetic markers in predicting blood culture-proven sepsis in VLBW infants. Follow-up of prospectively enrolled VLBW infants was complete before discharge from the hospital. All parents had given informed written consent. Sepsis in VLBW infants was defined as blood culture-proven sepsis (clinical signs of sepsis and positive blood culture) at any time during the stay in the hospital. The clinical data of all patients were documented and coded before mutation analysis.
METHODS

Between
DNA samples of the infants were extracted from buccal swabs. DNA was extracted with a commercially available kit (Qiagen, Hilden, Germany). All polymorphisms were detected by PCR and restriction enzyme digestion. Primer and DNA sequences were selected from previously published reports (4, 7, (11) (12) (13) . Primer pairs for detection of the CD14-159T mutation were 5'-GTG CCA ACA GAT GAG GTT CAC-3' and Our power calculation was based on the assumption that the expected frequency of sepsis in VLBW infants is 20% and that the carrier status of a specific mutation is associated with an increased risk of 50%. The expected carrier frequencies for the homozygous CD14-159T mutation, the heterozygous or homozygous TLR4-896G and NOD2-3020insC mutations, homozygous Ϫ174G-IL6 promoter polymorphism, and the MBL B/C/D genotype were 20% (14) , 12% (4), 8% (8), 37% (12) , and 40% (15), respectively. On the basis of these assumptions, a number of 230 infants would be sufficient (␣, 0.05; power, 0.8; two-sided test) to test our hypothesis.
All parts of the study were approved by the local committee on research in human subjects of the Medical University of Lübeck. Hypotheses were evaluated with Fisher exact test, Mann-Whitney U test, and multivariate logistic regression models.
RESULTS
Ten participating centers included 356 patients (median, 21; range, 1-136). The clinical data and the frequencies of homozygous CD14-159T allele, heterozygous or homozygous TLR4-896G allele, heterozygous or homozygous NOD2-3020insC allele, homozygous IL6-174G allele, and heterozygous or homozygous MBL B/C/D genotype in VLBW infants are given in Table 1 . We observed no statistical differences in clinical data between infants with and without specific mutations.
The frequency of blood culture-proven sepsis was 14% in the whole group (n ϭ356), ranging from 0% (none of 28 infants) to 100% (1 of 1 infant) among different centers. The frequency of blood culture-proven sepsis in two centers that included the majority of patients (110 and 136 infants) was 19.1 and 7.4%, respectively.
The frequencies of blood culture-proven sepsis in VLBW infants with and without mutations of the innate immune system are given in Figure 1 . VLBW infants who did not carry any of the mutations (n ϭ119) had a lower frequency of blood culture-proven sepsis than infants who carried any of the mutations tested (n ϭ237); however, this difference was not significant (11.8 versus 15.2%, p ϭ 0.42, Fisher's exact test). In VLBW infants carrying mutations of the innate immune system, the amount of increase in sepsis rate was quite different, reaching statistical significance for carriers of the homozy- Table 1 . Clinical data of VLBW infants with and without mutations of the innate immune system Birth weight is given as mean (SD); all other data are given as percentages. There were no significant differences between infants with and without mutations of the innate immune system.
Abbreviation used: GA, gestational age.
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DNA POLYMORPHISMS AND VLBW SEPSIS gous IL6-174G mutation (n ϭ121, sepsis rate 19.8% versus 11.1% in noncarriers of the mutation, p ϭ 0.035, Fisher's exact test) and carriers of the NOD2-3020insC mutation (n ϭ15, sepsis rate 33% versus 13.2% in noncarriers of the mutation, p ϭ 0.045, Fisher's exact test).
To rule out possible confounding, we performed a multivariate logistic regression analysis including gestational age, sex, multiple birth, antenatal treatment with glucocorticoids, and all mutations studied as independent variables and blood culture-proven sepsis as the dependent variable (Table 2) . After stepwise exclusion of nonsignificant independent variables, only gestational age less than 28 wk (odds ratio, 3.2; 95% confidence interval, 1.7-6.0; p Ͻ 0.001) and homozygous carrier status of the IL6-174G mutation (odds ratio, 1.9; 95% confidence interval, 1.0 -3.6; p ϭ 0.039) were significant predictors of blood culture-proven sepsis, whereas the carrier status of the NOD2-3020insC mutation was of only borderline significance (odds ratio, 3.2; 95% confidence interval, 1-10.4; p ϭ 0.052).
Furthermore, we analyzed the frequency of blood cultureproven sepsis in infants with and without the IL6-174G or NOD2-3020insC mutation; 306 of 356 infants had no sepsis, 42 infants one sepsis, seven infants two episodes of sepsis, and one infant suffered three events of blood culture-proven sepsis. The frequency of the IL6-174G or NOD2-3020insC mutation in these four groups was 34%, 48%, 57%, and 100%, demonstrating a statistically significant trend toward higher rates of repeated episodes of sepsis in infants carrying the IL6-174G or NOD2-3020insC mutation (p ϭ 0.026, Mann-Whitney U test).
The type of infection in VLBW infants carrying the IL6-174G or the NOD2-3020insC mutation is given in Table 3 . The increased sepsis rate in carriers of the homozygous IL6-174G mutation is related to an increase of sepsis caused by Grampositive bacteria. Two of the participating centers instituted routine prophylaxis against Gram-positive infections (16), consisting of daily administration of 6 mg teicoplanin/kg body weight per day if an i.v. catheter is necessary in all infants with a birth weight below 1500 g (center 4, n ϭ 136 infants) or infants with a birth weight below 1000 g (center 10, n ϭ 1 infant). Therefore, we evaluated the rate of different types of infections in VLBW infants with and without teicoplanin prophylaxis stratified to their IL6-174G genotype. Because there were large differences among the rates of infection in different centers, we furthermore present data of the two largest centers, numbers 4 (routine teicoplanin prophylaxis for all VLBW infants) and 6 (no prophylaxis; Table 4 ). The higher rate of blood culture-proven sepsis in carriers of the homozygous IL6-174G allele was related to the high rate of Grampositive infections in VLBW infants who did not received teicoplanin prophylaxis. Furthermore, homozygous carriers of the IL6-174C genotype had a relatively lower risk of Gram-positive sepsis than carriers of the heterozygous IL6-174G/C genotype. The trend toward higher rates of Grampositive infections in homozygous carriers of the IL6-174G allele was detectable, even when only one large center was analyzed. No differences between carriers of different IL6-174 alleles were observed with regard to Gram-negative infections and in VLBW infants who were treated with teicoplanin prophylaxis (Table 4) .
DISCUSSION
Recent advances in understanding the molecular basis of the innate immune system led to the identification of certain point mutations of genes involved in the early recognition of bacteria and associated with a reduced host response (3-6, 9, 10). The All data are given as percentages of all infants or percentages of infants with specific mutations. Gram-positive infections include infections with Staphylococcus aureus (n ϭ 11), Staphylococcus epidermidis (n ϭ 12) and Streptococci (n ϭ 6); Gram-negative infections include infections with Escherichia coli (n ϭ 5), Klebsiella (n ϭ 1), Enterobacter (n ϭ 2), Serratia (n ϭ 0), Proteus (n ϭ 0), and Pseudomonas sp. (n ϭ 1). Other infections include Listeria (n ϭ 0), anaerobic infections (n ϭ 0), fungi (n ϭ 4), and other Gram-negative or Gram-positive infections not listed above (n ϭ 17). Significant differences between carriers and noncarriers of the mutation are given in bold (p Ͻ 0.05, Fisher's exact test, two-sided). 654 scope of our study was the association of these mutations with blood culture-proven sepsis in a large cohort of VLBW infants. Although the sepsis rate was higher in infants carrying any of the mutations studied, these differences were statistically significant only for the NOD2-3020C mutation and the IL6-174G mutation.
The NOD2-3020insC mutation was first described in 2001 as a risk factor for Crohn's disease. NOD2 is expressed in monocytes and carries a binding domain for bacterial LPS (17) . The 3020insC mutation resulted in a frameshift at the second nucleotide of codon 1007 followed by a premature stop codon. The truncated NOD2 protein contained 1007 amino acids instead of 1040 amino acids of the wild-type NOD2 protein. In vitro studies using HEK293T cells transfected with wild-type or mutant NOD2 receptor demonstrated that LPS from various bacteria induced NF-B activation in wild-type but not in cells transfected with NOD2-3020insC (6) . The frequency of the heterozygous NOD2-3020insC mutation in our cohort of preterm infants was 4.2%, which is in line with previous reports (6 -8) . At this time there are no studies concerning the association of the NOD2-3020insC mutation and septic events in patients of any age.
The IL6-174G/C polymorphism and its association with septic events in adults was studied recently. Allele frequencies did not differ significantly between patients with or without sepsis, and median systemic IL-6 levels were not associated with the genotype. However, in patients who finally died because of sepsis, significantly fewer carriers of the homozygous IL6-174G genotype were observed (18) . Studies concerning the effect of different IL6-174 genotypes on IL-6 plasma and C-reactive protein levels gave conflicting results. Some groups report no or only moderate effects (19, 20) , whereas others report lower IL-6 plasma levels in healthy carriers of the IL6-174C allele (12) and-in contrast to these data-higher baseline C-reactive protein levels in carriers of the C allele (21) . The only study concerning the genotype-dependent IL-6 production in healthy newborns reported significantly higher IL-6 plasma levels in carriers of the IL6-174C allele compared with infants homozygous for the IL6-174G allele (9) . We therefore decided to evaluate the hypothesis that VLBW infants carrying the homozygous IL6-174G genotype are at an increased risk for the development of sepsis.
We observed a significant association between the heterozygous NOD2-3020insC and the homozygous IL6-174G genotype and the development of blood culture-proven sepsis in VLBW infants. The latter association was not influenced by other known or possible risk factors for the development of sepsis in VLBW infants. Furthermore, VLBW infants with repeated episodes of septicemia were more frequently carriers of the mutations than infants without or with only one blood culture-proven sepsis. The increased sepsis rate of homozygous carriers of the IL6-174G mutation was especially related to an increase of Gram-positive infections. Infants receiving prophylaxis with teicoplanin had a low sepsis rate even if they were carriers of the homozygous IL6-174G mutation, whereas noncarriers of the mutation had a low sepsis rate even if they had not had any prophylactic treatment. The number of infants needing to be treated with teicoplanin prophylaxis to prevent one blood culture-proven Gram-positive sepsis calculated on the basis of our data would be seven infants in carriers of the mutation, but 28 infants in noncarriers of the mutation.
CONCLUSIONS
Our data suggest that teicoplanin prophylaxis stratified to the individual genetic risk of a given VLBW infant to develop Gram-positive sepsis might be useful in reducing the number of unnecessary prophylactic antibiotic treatments. However, it must kept in mind that this association study is not proof of a causal relationship between the IL6-174G allele and Grampositive infections, but might be related to linkage to other polymorphisms. Furthermore, inasmuch as frequencies of blood culture-proven sepsis varied widely among different centers of our study, a possible association between IL6-174G and susceptibility to Gram-positive sepsis must be evaluated by randomized controlled trials, because the aim of our study was the association between specific mutations of the innate immune system and the development of sepsis in VLBW infants, and the differences observed between VLBW infants with and without prophylactic antibiotic treatment might be the result of other confounding factors. 
